At their most basic level, the rules of evolution are remarkably simple: species evolve by means of random variation (via mutation, recombination, or other operators); this process is followed by natural selection, in which the fittest tend to survive and reproduce, propagating their genetic material to future generations (35) . Hence, natural selection drives organisms toward adaptation to changing environmental conditions.
Microbial populations and single-celled microorganisms respond in a flexible manner to environmental changes. The genetic basis of adaptation ranges from simple alterations of DNA sequences, such as point mutations, to major events in the genome structure. In a laboratory or in an industrial environment, this adaptation can result in strain instability or can be used as a method to improve biotechnological processes (46) . Classical (nonrecombinant) strain improvement has relied on random mutagenesis and screening procedures and has attained many successes (24) . Metabolic engineering introduced the concept of rational design into strain development strategies (reviewed by Nielsen [22] ). Inspired by natural evolution, evolutionary engineering exploits evolutionary principles to enhance microbial properties in a biotechnological context, provided the desired phenotype is amenable to direct or indirect selection (35) . Evolutionary engineering of whole cells is expected to gain relevance both as a complementary strategy in metabolic engineering for strain development and as a tool to elucidate the molecular basis of desired phenotypes (35) .
Many examples of evolutionary engineering approaches have been extensively reviewed by Sauer (35) . A number of recent studies on the engineering of Saccharomyces cerevisiae for xylose metabolism (reviewed by Jeffries [14] ) highlight the importance of evolutionary engineering strategies to complement rational metabolic engineering efforts. Recombinant strains with the genetic potential to utilize the new substrate (xylose) were subjected to long-term evolution experiments (using chemostats and/or serial batch cultivations), which resulted in improved strains (15, 17, 18, 38, 39) . The improvement of an engineered S. cerevisiae strain for glycerol production has also been achieved previously by serial transfer (23) .
Lactose is another sugar that cannot be metabolized by wild-type strains of S. cerevisiae. However, the construction of S. cerevisiae strains with the ability to consume lactose has biotechnological interest, particularly for the valorization of cheese whey, a high-level pollutant by-product of dairy industries that contains about 5% (wt/vol) lactose (37) .
Kluyveromyces lactis is a naturally lactose-consuming yeast. The GAL-LAC regulon of K. lactis (reviewed in references 29 and 36) and the GAL-MEL regulon of S. cerevisiae (reviewed in references 16 and 20) are closely related. Despite the ex-tensive degree of conservation in this group of genes between the two yeasts, differences have arisen as a result of their evolution in different environments: S. cerevisiae has adapted to glucose, whereas K. lactis has adapted to lactose (29) . The ability of K. lactis to assimilate lactose depends on two genes: LAC12, encoding a lactose permease, and LAC4, encoding the enzyme ␤-galactosidase that catalyzes the hydrolysis of lactose into glucose and galactose. These genes are divergently transcribed from an unusually large intergenic region, which contains four functional upstream activating sites (UASs) that synergistically contribute to the activation of both genes by providing binding sites for the transcriptional activator Lac9p (also known as K. lactis Gal4p), homologous to Gal4p of S. cerevisiae (13) . K. lactis GAL-LAC and S. cerevisiae GAL-MEL genes are induced by galactose. Induction also occurs when lactose is the substrate, since intracellular galactose is responsible for triggering induction (for details see, e.g., reference 29).
The development of a high-productivity lactose-fermenting process using recombinant S. cerevisiae has been considered for ethanol production from cheese whey. In this context, a recombinant S. cerevisiae flocculent strain with the ability to express both the LAC4 and LAC12 genes of K. lactis was constructed previously using a 13-kb K. lactis genomic sequence that included the two genes as well as their intergenic region (6) . The original recombinant obtained metabolized lactose slowly. After a longterm adaptation experiment, in which the recombinant was cultured in liquid lactose medium, refreshed periodically, the strain was able to consume lactose faster with a higher ethanol yield than before. Here, we describe comparative physiological and genetic studies of the original recombinant and the evolved strain, aiming to identify mechanisms involved in the evolutionary adaptation of the recombinant to lactose. In addition, we show that the evolved recombinant is suitable for efficient alcoholic fermentation of concentrated cheese whey.
MATERIALS AND METHODS
Strains and cultivations. The bacterial strain used for DNA preparation was Escherichia coli DH5␣ grown in Luria-Bertani medium (1% casein, 0.5% yeast extract, 0.5% NaCl). Ampicillin at 100 mg liter Ϫ1 was used for selection. The original recombinant S. cerevisiae flocculent strain was named NCYC869-A3/T1 (hereafter referred to as T1), and its construction has been described in detail elsewhere (6) . The other recombinant strain evolved from T1, as the result of the adaptation experiment described here, and is referred to as T1-E. These strains express both the LAC4 (␤-galactosidase) and LAC12 (lactose permease) genes of K. lactis from an episomal plasmid (pKR1B-LAC4-1) (40) .
The auxotrophic strain NCYC869-A3 (MAT␣ FLO1 ura3), which was the host for the construction of T1, is a uracil-deficient mutant of the flocculent wild-type haploid strain S. cerevisiae NCYC869 (MAT␣ FLO1) (6) . K. lactis CBS2359 was used for comparative studies. Kluyveromyces marxianus CBS6556 was used as a control in some experiments.
Yeast cultivations were performed with defined mineral medium (41) . The concentrations of trace elements and vitamins were doubled. The carbon source (lactose, glucose, or galactose) was autoclaved separately and added after heat sterilization of the medium to a concentration of 20 g ⅐ liter Ϫ1 (unless otherwise stated). To avoid major drops in pH during cultivation, the medium was supplemented with 100 mM potassium hydrogen phthalate. The initial pH was adjusted to 4.5 with NaOH. The final pH of the cultures in all experiments was higher than 3.7. The cultivations were carried out in Erlenmeyer flasks filled with medium to 40% of the total volume and shaken (150 rpm) at 30°C. Preinocula were grown under the same conditions and used to inoculate the main cultures to an initial optical density at 600 nm (OD 600 ) of 0.05 to 0.15.
During the adaptation experiment, yeast was cultivated in semisynthetic lactose (SSlactose) medium, which contained the following (in grams per liter): yeast extract, 1.0; KH 2 PO 4 , 5.0; (NH 4 ) 2 SO 4 , 2.0; MgSO 4 ⅐ 7H 2 O, 0.4; and lactose, 20 or 50. Fermentation conditions in the 2-liter bioreactor used during the last stages of the adaptation experiment were as follows: temperature, 30°C, and agitation speed, 150 rpm. The pH control was set to 4.0.
For the batch fermentation of threefold-concentrated cheese whey, 600 g of whey powder obtained from a Portuguese dairy was dissolved with 2.2 liters of warm water and the solution was further warmed to boiling temperature. The precipitate was removed by filtering with a cloth followed by centrifugation. A 1.5-liter sample of the cheese whey powder solution was then transferred into the bioreactor and sterilized by autoclaving. Fermentation was performed in a 2-liter benchtop bioreactor (Bioengineering). The temperature was maintained at 30°C, and the pH was maintained at 4.0 by the automatic addition of ammonia. The agitation speed was set at 150 rpm. An airflow rate of 0.1 vvm (where 1 vvm equals 1 standard liter of air per liter of solution per min; adjusted by mass flow control) was applied during the cultivation. The yeast (strain T1-E) for inoculation was grown in a shake flask (containing yeast defined mineral medium with 20 g of lactose ⅐ liter Ϫ1 ), as described above.
Adaptation experiment. The original recombinant (T1) was taken from a Ϫ80°C stock and spread onto SSlactose plates. Biomass washed from these plates was used to inoculate test tubes filled with 5 ml of liquid SSlactose medium (containing 20 g of lactose ⅐ liter Ϫ1 ). The tubes were incubated overnight at 30°C with gentle agitation (40 rpm), and then the biomass from each tube was transferred into a 250-ml Erlenmeyer flask filled with 50 ml of SSlactose medium (containing 20 g of lactose ⅐ liter
Ϫ1
). This flask was incubated at 30°C and 40 rpm for 3 days. From this flask, a 5-ml sample was transferred into another cultivation (under the same conditions) and cultivated for 7 days. Samples taken from this cultivation were spread onto SSlactose plates. Biomass was again washed from these plates to inoculate test tubes filled with 5 ml of liquid SSlactose medium (containing 50 g of lactose ⅐ liter Ϫ1 ), the tubes were incubated overnight (at 30°C and 40 rpm), and the contents were used to inoculate a cultivation in 50 ml of SSlactose (containing 50 g of lactose ⅐ liter Ϫ1 ). This cultivation was incubated under the same conditions (30°C and 40 rpm). To take advantage of the flocculent properties of the cells, the medium was refreshed periodically: the cultivation broth was decanted, and fresh medium was added to the flocculated cells, which had sedimented to the bottom of the flask. The medium was refreshed 12 times (every 2 to 5 days) over a total of 41 days. The lactose concentration in the fresh medium added was either 20 or 50 g ⅐ liter Ϫ1 . After the 41-day period, 5 ml of the culture was transferred into a subsequent cultivation (to be grown under the same conditions), in which the medium was refreshed two times. This 50-ml cultivation was used to inoculate a 2-liter bioreactor containing 1.5 liters of SSlactose medium. In this fermentation, the 20 g of lactose ⅐ liter Ϫ1 was consumed by the yeast in about 24 h. Samples from this fermentation were spread onto SSlactose plates. Biomass washed from these plates was again sequentially grown in 5 and 150 ml of SSlactose medium (with incubation at 30°C and 150 rpm) and used for a second fermentation trial in the bioreactor. This time, the yeast consumed the 20 g of lactose ⅐ liter Ϫ1 in less than 16 h. A third fermentation trial in the bioreactor was done by following the same procedure. In this third fermentation, the yeast consumed 20 g of lactose ⅐ liter Ϫ1 in about 13 h. Yeast samples were spread onto SSlactose plates. Glycerol stocks from this yeast were stored at Ϫ80°C. We named this strain T1-E (evolved T1).
The adaptation experiment involved the growth of the recombinant for Ͼ120 generations (given an average of five doublings per batch cultivation in lactose).
Determination of biomass and extracellular metabolites. The biomass concentration was measured by a dry weight method and/or an absorbance method (at 600 nm [OD 600 ]), essentially as previously described (6) .
Lactose, glucose, galactose, ethanol, and glycerol were analyzed by highperformance liquid chromatography using a Chrompack organic acids column. The column was eluted at 60°C with 0.005 M H 2 SO 4 at a flow rate of 0.6 ml ⅐ min
. A refractive-index detector was used. Flocculation assay. The flocculation assay was done essentially as described previously (6, 7) , except that the absorbance was read at 600 nm (OD 600 ) instead of 620 nm. The sedimentation profiles correspond to the normalized cell concentration (defined as the ratio between actual and initial cell concentrations in the suspension during the assay) plotted against the sedimentation time. The profiles shown correspond to the average of results from two independent assays. In control assays, the cell concentration in the suspension did not change significantly (Ϯ4%) over 10 min.
Plasmid retention. To determine the fraction of plasmid-bearing cells, samples from the yeast culture were washed twice with a 15-g ⅐ liter Ϫ1 NaCl solution, pH 3.0, to deflocculate cells, appropriate dilutions were prepared with the same solution, and aliquots were spread onto plates containing YPGal (1% yeast extract, 2% peptone, 2% galactose, 2% agar) supplemented with 40 mg of X-Gal
. Cells expressing ␤-galactosidase, i.e., those that still carry the plasmid, form blue colonies in VOL. 74, 2008 ADAPTIVE EVOLUTION OF LACTOSE-CONSUMING S. CEREVISIAE 1749 X-Gal plates. The fraction of plasmid-bearing cells was determined as the ratio between the number of blue colonies and the total number of colonies (blue and white). ␤-Galactosidase-specific activity. Yeast cells were grown to an OD 600 of 0.5 to 2.5. A volume of the culture corresponding to 15 to 20 OD 600 units was rapidly harvested, and cellular extracts were prepared exactly as described previously (26) . The ␤-galactosidase activity in the extracts was assayed using p-nitrophenyl-␤-D-galactopyranoside as the substrate, exactly as described previously (26) . The protein concentration in the extracts was measured according to the method of Bradford (2) by using the Bio-Rad protein reagent and ovalbumin as the standard. At least three different dilutions of each extract were assayed for both enzyme activity and protein concentration; the coefficient of variation of each specific activity measurement was Ͻ30%. One unit of enzyme activity catalyzes the conversion of 1 nmol of p-nitrophenyl-␤-D-galactopyranoside per min at 30°C and pH 7.0. Specific activities were expressed as units per milligram of protein.
General DNA methods. Standard molecular biology techniques were used basically according to the procedures described by Sambrook and Russell (34) . Yeast was transformed by the lithium acetate method (12) . E. coli was transformed by electroporation according to protocols from Bio-Rad. Commercial kits (from Qiagen and Sigma) were used for plasmid DNA isolation from E. coli. Enzymes were purchased from different manufacturers and used according to the recommendations.
PCR amplifications. Ribosomal DNA (rDNA) internal transcribed spacer 1 (ITS1) and ITS1-5.8S rDNA-ITS2 regions were amplified by PCR using universal primers for fungi (42) . The primers (FLO11_Fprobe and FLO11_Rprobe) used for PCR screening for the FLO11 gene of S. cerevisiae were described previously (10) .
PCR screening for the LAC4 gene was done with primers LAC4_1 (5Ј-AGG ATTTACAGTGGGAG GAT-3Ј) and LAC4_2 (5Ј-ATGTCTTGCCTTATTCC TGA-3Ј). For LAC12, primers LAC12_1 (5Ј-GGAAGCCTTGAACAGTGAT A-3Ј) and LAC12_2 (5Ј-AGACCTGCAACCTTACCTCT-3Ј) were used.
The intergenic region between genes LAC4 and LAC12 (LACIR) was amplified using the primers LACIR1 (5Ј-GCAATCTATTTTCGTGAACC-3Ј) and LACIR2 (5Ј-CCCAAAGTGTC TTTATGCTC-3Ј). Primer LACIR1 is complementary to nucleotides 42 to 61 of the coding sequence of LAC4 (25) . Primer LACIR2 is complementary to nucleotides 58 to 77 of the coding sequence of LAC12 (4).
RNA extraction. Yeast cells for total RNA isolation were grown to an OD 600 of 0.5 to 0.7. A volume of the culture corresponding to 15 OD 600 units was rapidly centrifuged (3,000 rpm at 4°C for 3 min), and the cell pellets were immediately frozen in liquid nitrogen and stored at Ϫ80°C. The cells were mechanically disrupted using a ball mill (Mikro-Dismembrator S; B. Braun Biotech International). Total RNA was extracted using an RNeasy mini kit (Qiagen). The extracted RNA was quantified using the Bioanalyzer 2100 with the RNA 6000 Nano LabChip kit (Agilent) and the ND-1000 UV-visible light spectrophotometer (NanoDrop Technologies). The absence of contaminant DNA in RNA preparations was verified using RNA as a template in real-time PCR assays (see below).
Quantitative real-time RT-PCR. One microgram of total RNA was transcribed into cDNA in a 20-l reaction mixture by using the iScript cDNA synthesis kit (Bio-Rad). The mRNA levels were analyzed by quantitative reverse transcription-PCR (RT-PCR) using the Bio-Rad MyIQ real-time PCR system. Each sample was tested in duplicate in a 96-well plate (Bio-Rad, CA). The reaction mix (a 25-l final volume) consisted of 12.5 l of Sybr green 2ϫ supermix (Bio-Rad), 2.5 l of each primer (at a 250 nM final concentration), 2.5 l of H 2 O, and 5 l of a 1/10 dilution of the cDNA preparation. The thermocycling program consisted of one hold at 95°C for 4 min, followed by 40 cycles of 10 s at 95°C and 45 s at 56°C. Melting-curve data were then collected to verify PCR specificity and the absence of primer dimers. Oligonucleotides for quantitative PCR (Table 1) were designed using Beacon Designer 2.0 software (PREMIER Biosoft International). The PCR efficiency of each primer pair was evaluated by the dilution series method using sample cDNA as the template.
Relative expression levels were determined using the ⌬ threshold cycle method, which takes into account differences in primer pair amplification efficiencies and yields more accurate data than the 2⌬⌬ threshold cycle method. For standardization, the results were expressed as ratios of target gene expression to reference gene expression, the reference gene being genome-borne ACT1 or a plasmid-borne bla gene.
RESULTS

Adaptation.
The original recombinant strain (T1) was able to metabolize lactose, but rather slowly. Moreover, the flocculation performance of the recombinant was poor compared to that of the host strain S. cerevisiae NCYC869-A3 (6) . Hence, the adaptation of the recombinant strain to growth on lactose was attempted. The adaptation experiment consisted of a serial transfer-dilution strategy using flasks subjected to gentle shaking (40 rpm; see details in Materials and Methods). This strategy was designed to keep the recombinant growing in lactose for many generations (Ͼ120), as well as to select for flocculent cells. Therefore, in some stages of the process, the medium was simply refreshed periodically in the same cultivation flask: the cultivation broth was decanted and fresh medium was added to the flocculated cells, which had sedimented to the bottom of the flask. The yeast cells recovered at the end of the process presented improved lactose fermentation performance compared to T1 cells. We now consider these evolved cells to belong to an independent strain, which was named T1-E.
The evolved strain culture was tested for possible contamination, particularly with Kluyveromyces yeasts. ITS regions located on the rRNA gene clusters are highly variable, allowing for species distinction even within the Saccharomyces genus (21) . Restriction fragment length polymorphism analysis (with the enzymes EcoRI, HaeIII, HindIII, HinfI, MseI, PstI, RsaI, and TaqI) of the PCR-amplified ITS1-5.8S rDNA-ITS2 region generated identical profiles for the recombinants T1 and T1-E and for the host strain S. cerevisiae NCYC869. Moreover, PCR amplification of the ITS1 region resulted in a smaller product for K. marxianus (ca. 350 bp) than for S. cerevisiae (ca. 450 bp) (data not shown). In an independent test, PCR screening for the S. cerevisiae FLO11 gene yielded positive results for strains T1, T1-E, and S. cerevisiae NCYC869 but negative results for K. lactis CBS2359 and K. marxianus CBS6556 (data not a Efficiency (E) was determined using the formula E ϭ 10(Ϫ1/slope), with "slope" being the slope of the standard curve that was obtained from serial dilution of sample cDNA.
shown). These results confirmed that strains T1 and T1-E are S. cerevisiae, excluding the possibility of contamination during the adaptation experiment.
Physiological characterization of the recombinants. Three single-colony isolates of the evolved strain showed identical fermentation profiles ( Fig. 1; Table 2 ), indicating that the T1-E population was homogenous. The lactose fermentation performance of the evolved strain was considerably improved compared to that of the original recombinant. T1-E fermented lactose twice as fast as the original recombinant T1, presenting a higher growth rate as well as 30% higher ethanol production, which indicated that the flux of carbon (lactose) through the fermentative pathway occurred at a higher level in T1-E ( Fig.  1 ; Table 2 ). The differences in lactose fermentation between the evolved recombinant and the K. lactis wild-type strain were small, though K. lactis grew faster and produced less ethanol ( Fig. 1; Table 2 ). Conversely, the two recombinant strains behaved similarly in cultivations with glucose and galactose (the two products of lactose hydrolysis) ( Fig. 2 ; Table 2 ).
The adaptation experiment was also successful in the selection of cells with improved flocculation, which is an interesting property for the development of fermentation processes (5). T1-E flocculated earlier and formed much bigger flocs than T1, as could be easily observed by visual inspection of the cultivation flasks. Sedimentation profiles of lactose-grown T1 and T1-E cells are shown in Fig. 3 . When the culture reached an OD 600 of about 2, nearly all T1-E cells showed the ability to flocculate. The flocculation performance of T1 was much weaker, although that of stationary-phase cells improved compared to that of growing cells. Similar differences in the flocculation behavior between the two strains were also observed in glucose and galactose cultures.
The evolved strain T1-E was tested for the fermentation of cheese whey. Cheese whey powder solution was used in order to get threefold-concentrated whey (corresponding to about 150 g of lactose ⅐ liter Ϫ1 ). The recombinant was able to grow and flocculate in cheese whey powder solution and consumed nearly all the lactose in about 120 h, producing 55 g of ethanol ⅐ liter Ϫ1 (which corresponds to 70% of the theoretical conversion yield) and 5 g ⅐ of glycerol liter Ϫ1 (Fig. 4) . In a shake flask cultivation with buffered defined mineral medium containing 140 g of lactose ⅐ liter Ϫ1 , T1-E was able to consume lactose completely in only 36 h, producing 63 g of ethanol ⅐ liter Ϫ1 (84% of the theoretical yield). Plasmid retention. Under positive selection pressure conditions, i.e., with lactose as the sole carbon source, recombinant cells need to carry the plasmid in order to retain their capacity to grow on lactose. However, in glucose and in galactose cultivations, there was no selective pressure to prevent plasmid loss. Therefore, we counted the fraction of cells expressing ␤-galactosidase (blue colonies in plates supplemented with XGal), which corresponds to the fraction of cells still carrying the plasmid. The vast majority of the cells in T1-E cultures contained the plasmid (96 and 93% in glucose and galactose, respectively). In contrast, only 74 and 27% of T1 cells in glucose and galactose cultures, respectively, maintained the construct. For both T1 and T1-E, plasmid retention patterns were similar in yeast samples harvested during growth phase (sampling at 7 h of growth in glucose or 6 to 11 h in galactose) and stationary phase (28 h in glucose and 30 to 50 h in galactose). 
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Characterization of the LAC region in the plasmid isolated from both recombinants. To search for mutations that could explain the differences observed in the lactose fermentation phenotypes of the two recombinants, the plasmid bearing the K. lactis LAC12-LAC4 construct was isolated from the two strains and recloned into E. coli. Restriction analyses with the enzymes EcoRI, BglII, XbaI, BamHI, and PstI (data not shown) revealed a deletion of 1,300 to 1,600 bp in the LACIR on the plasmid isolated from T1-E, while the restriction pattern of the plasmid isolated from T1 was identical to that of the plasmid pKR1B-LAC4-1 used for transformation. PCR amplification of the LACIR in T1 and T1-E resulted in single bands (data not shown) and confirmed the deletion in T1-E.
The LACIR of the T1-E plasmid was therefore sequenced and compared with the same region in the recently published K. lactis genome (GenBank accession no. CR382122) (9) . A deletion of 1,593 bp was mapped between positions Ϫ2108 and Ϫ516 (inclusive), ϩ1 referring to the adenosine in the LAC4 initiation codon (Fig. 5) . Furthermore, a single nucleotide mutation was found at position Ϫ2422 which replaced the adenosine in the K. lactis genome sequence with a cytosine in the T1-E sequence. This substitution is interesting because it leads to a putative binding site for the transcription factor Gal4p: CGGCCCACGCAGACCCG (the A-to-C mutation occurred in the underlined position). We found the same substitution in FIG. 2 . Data from glucose and galactose cultivations with strains T1 and T1-E. Concentrations of glucose or galactose (circles), ethanol (triangles), and biomass (squares) were monitored during shake flask cultivations (as described in Materials and Methods). Solid symbols and solid lines correspond to T1 cultures; hollow symbols and dotted lines correspond to T1-E cultures.
FIG. 3. Sedimentation profiles of T1 and T1-E cells grown in lac-
tose. Cells were harvested during growth at an OD 600 of about 2 (T1-E, Ⅺ; T1, f) or at the stationary phase after 50 h of cultivation (T1-E, E; T1, F). . , specific growth rate; X final : final biomass concentration (when sugar from the medium was exhausted); E max , maximum ethanol concentration; E yield , ethanol conversion yield (percentage of the theoretical value). Data for T1 and T1-E are means Ϯ ranges of results from duplicate independent cultivations, except data for T1-E in lactose, which correspond to the means Ϯ standard deviations of results from triplicate cultivations with single-colony isolates.
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ the LACIR borne on the plasmid isolated from T1. However, we do not know whether this putative UAS (pU) (Fig. 5 ) was functional in any of the strains. LAC12 and LAC4 coding sequences in the T1-E plasmid were determined to be 100% identical to the published sequences for these genes (4, 9, 25) .
Transformation of the host strain with the plasmid isolated from T1-E did not yield Lac ؉ transformants. Several attempts were made to transform S. cerevisiae strains NCYC869 (the wild type) and NCYC869-A3 (a uracil-deficient mutant) with the plasmid isolated from T1-E (with the deletion). Although transformants resistant to the antibiotic G418 (used for selection) were obtained, these transformants were unable to grow on lactose. It should be stressed that the same result happened in control experiments using the original plasmid pKR1B-LAC4-1. We reasoned that genetic alterations in the T1 genome may have contributed to obtaining the Lac ϩ phenotype, in addition to the cloning of the K. lactis LAC genes. Therefore, we used the cured strain T1 (a plasmid-free colony selected after nonselective sequential growth in glucose) as the host for transformation. With this host, we again obtained transformants resistant to G418 (up to 150 mg ⅐ liter Ϫ1 ). Some of the G418-resistant transformants (Ͼ10%) gave a positive PCR signal for the genes LAC4 and LAC12, both in the transformations with the plasmid isolated from T1-E and in those with pKR1B-LAC4-1. Surprisingly, none of the transformants could grow on lactose (plates or liquid medium) or showed ␤-galactosidase activity (as judged by color screening in YPGal plates supplemented with X-Gal).
LAC4 and LAC12 expression levels and estimation of relative plasmid copy numbers. We reasoned that the deletion in the promoter region may have altered the expression of one or both genes. Thus, we compared the levels of LAC4 and LAC12 transcripts in strains T1 and T1-E by using quantitative realtime RT-PCR, as well as ␤-galactosidase activity.
The LAC4 and LAC12 mRNA levels were initially normalized to ACT1 transcript levels. In lactose cultures (inducing conditions), the LAC4 mRNA level in T1-E was about 2.2-fold higher than that in T1 (Table 3) . Nevertheless, the specific ␤-galactosidase activity measured in T1-E was 24-fold higher than that in T1 and was essentially similar to that in K. lactis CBS2359 (Fig. 6) . Conversely, the LAC12 transcript level in T1-E was about 2.2-fold lower than that in T1 (Table 3) . In glucose cultures (noninducing and repressing conditions), the levels of both LAC4 and LAC12 transcripts in T1-E were about 10-fold lower than those in T1 (Table 3) . This result could be attributed to the decrease of plasmid copy number in the evolved strain (discussed below). The decrease in the LAC4 transcript level may account for the lower level of ␤-galactosidase activity observed in T1-E glucose cultures than in T1 cultures (Fig. 6) .
The global differences in levels of LAC4 and LAC12 mRNAs, as calculated by normalization to the expression levels of an endogenous gene (ACT1) (Table 3) , may be due to differential regulation of transcription and/or variation of gene copy number, i.e., plasmid copy number, between the two 
a Expression levels were determined by quantitative real-time RT-PCR, as described in Materials and Methods. Expression levels of bla, LAC4, and LAC12 were normalized using ACT1 as the reference gene. T1 cells grown in lactose were used as the calibrator sample (the expression was set at 100%). Results shown are means Ϯ ranges of results from duplicate biological cultivations. Each sample (one sample from each biological duplicate) was analyzed in duplicate, and the coefficient of variation (after normalization) between the results for these technical duplicates was Ͻ30%.
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strains. Therefore, to verify if our results were biased by a difference in LAC gene copy number, we estimated the relative plasmid copy numbers in the two recombinants by quantifying the transcript levels of the plasmid-borne bla (␤-lactamase) gene. bla confers resistance to ampicillin on E. coli and is known to be expressed in S. cerevisiae (28) . Assuming that there is no differential regulation of this gene in T1 and T1-E, the relative levels of bla expression reflect the difference in the average numbers of plasmid copies per cell in the cultures. The level of bla expression in T1 was higher than that in T1-E; specifically, it was 12-fold higher in lactose cultures and 8-fold higher in glucose cultures (Table 3) . However, in glucose cultures, only the fraction of plasmid-bearing cells (74 and 96% for T1 and T1-E, respectively, as described above) was expressing the bla gene. Hence, considering only the plasmid-bearing cells, bla expression in T1 was 11-fold higher than that in T1-E in glucose cultures, and this difference was therefore similar to the difference observed in lactose. These results for bla expression were obtained in independent duplicate biological experiments, both with lactose and with glucose, indicating that the differences observed were not due to random variation in plasmid copy number between cultivations. Furthermore, T1 showed a higher level of resistance to the antibiotic G418 (conferred on yeast by the plasmid-encoded bacterial kanamycin resistance gene). T1 grew well on plates supplemented with 50 mg of G418 ⅐ liter Ϫ1 , while only a few small T1-E colonies could be observed. In plates with 75 mg of G418 ⅐ liter Ϫ1 , T1 was the only strain still able to grow. Altogether, these results indicate that the plasmid copy number in the evolved strain was lower (approximately 10-fold) than that in the original recombinant.
The LAC4 and LAC12 mRNA levels were therefore normalized to bla transcript levels, which eliminates the effect of plasmid copy number variation so that the results represent only the effect of differential regulation of the transcription of the LAC genes in T1 and T1-E. As illustrated by the results shown in Table 4 , LAC4 and LAC12 induction factors (the ratio between expression in lactose and that in glucose) for T1-E were 26 and 7, respectively, whereas the induction factor for T1 was 0.7 for both genes. These results show that lactose activated the transcription of both genes in T1-E, although the induction factor was higher for LAC4 than for LAC12. On the other hand, lactose did not induce the expression of the LAC genes in T1, which is supported by the observation that the ␤-galactosidase activities of T1 in lactose and in glucose cultures were similar (Fig. 6) . We propose that the intact promoter was not able to mediate activation of the transcription of the LAC genes in T1 (no induction by lactose), whereas the 1,593-bp deletion in the promoter region contributed to lactose activation in T1-E.
DISCUSSION
A recombinant S. cerevisiae flocculent strain with the genetic potential to utilize lactose was constructed previously (6) . Using a simple evolutionary engineering process consisting of serial transfer and dilution in lactose medium for Ͼ120 generations, we succeeded in isolating an evolved recombinant that fermented lactose twofold faster than the original recombinant T1, presenting a higher ethanol yield and improved flocculation.
A similar process of adaptation had already been attempted before with the recombinant T1, which resulted in a comparable improvement of the lactose fermentation phenotype. That adapted strain was successfully used in long-term continuous lactose fermentations (7, 8) . However, the strain lost its apparently adapted phenotype after storage at Ϫ80°C. When cultures stored at Ϫ80°C were regrown, the limitation on lactose consumption (the T1 phenotype) was again observed (for details, see reference 6). Presumably, the outcome of that former adaptation experiment was a heterogeneous population containing adapted and nonadapted cells, and during the storage and regrowth phase nonadapted cells were consistently selected. The evolved strain described here (T1-E) resulted from an independent adaptation experiment, and its fermentative characteristics were maintained after storage at Ϫ80°C.
The evolved strain T1-E presented an improved lactose fermentation phenotype but otherwise performed identically to the original recombinant T1 in the fermentation of glucose and galactose. This result suggested the occurrence of mutations in lactose-specific genes, rather than in pathways affecting sugar metabolism in general. Accordingly, we identified two major a Expression levels were determined by quantitative real-time RT-PCR, as described in Materials and Methods. Expression levels of LAC4 and LAC12 were normalized using bla as the reference gene. T1 cells grown in lactose were used as the calibrator sample (the expression was set at 100%). Results shown are means Ϯ ranges of results from duplicate biological cultivations. Each sample (one sample from each biological duplicate) was analyzed in duplicate, and the coefficient of variation (after normalization) between the results for these technical duplicates was Ͻ30%. molecular events that specifically targeted the lactose metabolism system in T1-E. The first event was a 1,593-bp deletion in the LACIR in the plasmid isolated from the evolved recombinant. The second event was a reduction of the plasmid copy number by about 10-fold in T1-E compared to that in the nonevolved strain T1. Moreover, our transcriptional analysis revealed that lactose strongly induced the expression of LAC4 and LAC12 in the evolved strain but that in the original recombinant, these genes were expressed at the same levels in lactose and in glucose cultures. This finding indicates that the K. lactis LAC promoter was unable to mediate the induction of the LAC genes by lactose in S. cerevisiae and that the 1,593-bp deletion in the LACIR apparently restored induction. It is noteworthy that the K. lactis LACIR contains four functional UASs, which are binding sites for the trans-activator Lac9p, the K. lactis homologue of S. cerevisiae Gal4p. Two UAS elements are located in front of each of the genes at almost symmetrical positions (Fig. 5) , and it has been proposed previously that LAC4-and LAC12-proximal sites interact to achieve the maximal expression of both genes simultaneously in K. lactis (13) .
In our recombinant strains, the trans-activator is S. cerevisiae Gal4p, which substitutes for the K. lactis Lac9p. Lac9p and Gal4p bind to the same DNA consensus sequence: 5Ј-CGG (N5)A/T(N5)CCG-3Ј (13, 19) . GAL4 can complement the transcriptional activation function of LAC9 in K. lactis (27) , and conversely, LAC9 complements the gal4 mutation in S. cerevisiae (33, 43) . However, Gal4p did not exactly mimic Lac9p function, and vice versa. Even though Gal4p is functionally analogous to Lac9p, specific features of each of the proteins (which share only three regions of significant homology, accounting for about 30% of the amino acids), as well as their cellular concentrations, seem to have regulatory relevance (29, 44, 45, 47) . Thus, a reasonable interpretation of our results is that Gal4p cannot effectively replace Lac9p in the LAC promoter. We propose that the deletion in the LACIR altered the architecture of the promoter, giving rise to a structure favorable for transcriptional activation by the S. cerevisiae Gal4p. The removal of sequences involved in transcription repression mechanisms existing in the deleted region cannot be excluded.
Unexpectedly, the copy number of the plasmid bearing the LAC construct in T1-E was lower than that in T1. We reasoned that the transformant originally selected (T1) owed its ability to grow on lactose to its high plasmid content. Considering that under the control of the intact K. lactis LAC promoter the LAC genes were expressed at low (noninduced) levels, it is conceivable that only transformants with a high dosage of these genes would be able to sustain viability and growth on lactose. Furthermore, during T1 lactose cultivations, cells with higher plasmid copy numbers would be selected, since these would have a clear advantage. In fact, Sreekrishna and Dickson (40) found that only the transformants that had integrated the LAC genes at high copy numbers (15 to 25 tandem copies) were able to grow on lactose.
Our results suggest that the tuning of the expression levels of the LAC genes in the evolved recombinant was accomplished by a fine molecular interplay between the decreased copy numbers of both genes and the different levels of transcriptional induction of LAC4 and LAC12 by lactose resulting from a large deletion in the LACIR. Changes in gene copy number (1, 3) , as well as mutations in cis regulatory sequences, have been identified previously as genetic events involved in yeast adaptive responses to environmental stresses. Recently, Fidalgo et al. (11) found that a 111-bp deletion within a repression region of the FLO11 gene promoter (possibly the largest S. cerevisiae promoter, with about 3 kb), which significantly increased the expression of FLO11, was determined to confer to wine "flor" yeasts the ability to float (an adaptive mechanism of these yeasts to gain direct access to oxygen).
Besides these two identified mechanisms, we cannot exclude the existence of additional mutations related to the improvement of the lactose fermentation phenotype. Surprisingly, transforming the original host or cured (plasmid-free) T1 strain with the plasmid isolated from T1-E did not yield Lac ϩ transformants. Our results emphasize that lactose utilization in S. cerevisiae is a complex trait, which is not easily achieved by the transfer of the LAC genes. To our knowledge, only our previous work (6) and the work of Sreekrishna and Dickson (40) have addressed the construction of Lac ϩ S. cerevisiae recombinants by cloning the K. lactis LAC genes under the control of the endogenous promoter (the LACIR). Sreekrishna and Dickson (40) obtained Lac ϩ transformants only when using indirect selection (first selecting for G418 resistance and then for growth on lactose) and when the LAC construct integrated in 15 to 25 tandem copies. The strategy for the construction of our original recombinant T1 also involved indirect selection (for ura mutation complementation and for ␤-galactosidase activity in galactose plates containing X-Gal) using cotransformation with two different plasmids and yielded only 2 (out of 1,212) transformants with a stable Lac ϩ phenotype (for details, see reference 6).
The engineering of S. cerevisiae for lactose utilization has been addressed over the last 20 years by different strategies (for a recent review, see reference 30). However, most of the strains obtained displayed undesirable characteristics (such as genetic instability or problems derived from the use of glucosegalactose mixtures) or were ineffective for ethanol production, as is the case for other S. cerevisiae strains expressing both LAC4 and LAC12 K. lactis genes (31, 32) . Our evolved recombinant T1-E was able to ferment efficiently high concentrations of lactose (in particular, those in concentrated cheese whey) into ethanol, which together with the flocculent properties of the strain provides decisive advantages over other engineered S. cerevisiae strains for application in high-cell-density fermentation processes. The present study illustrates the usefulness of simple evolutionary engineering approaches in the improvement of genetically engineered strains that display poor efficiency.
